The role of curli expression in attachment of Escherichia coli O157:H7 to glass, Teflon, and stainless steel (SS) was investigated through the creation of csgA knockout mutants in two isolates of E. coli O157:H7. Attachment assays using epifluorescence microscopy and measurements of the force of adhesion of bacterial cells to the substrates using atomic force microscopy (AFM) force mapping were used to determine differences in attachment between wild-type (wt) and csgA-negative (⌬csgA) strains following growth in four different media. The hydrophobicity of the cells was determined using contact angle measurements (CAM) and bacterial adhesion to hydrocarbons (BATH). The attachment assay results indicated that ⌬csgA strains attached to glass, Teflon, and SS surfaces in significantly different numbers than their wt counterparts in a growth medium-dependent fashion (P < 0.05). However, no clear correlation was seen between attachment numbers, surface type, or growth medium. No correlation was seen between BATH and CAM results (R 2 < 0.70). Hydrophobicity differed between the wt and ⌬csgA in some cases in a growth medium-and method-dependent fashion (P < 0.05). AFM force mapping revealed no significant difference in the forces of adhesion to glass and SS surfaces between wt and ⌬csgA strains (P > 0.05) but a significantly greater force of adhesion to Teflon for one of the two wt strains than for its ⌬csgA counterpart (P < 0.05). This study shows that CsgA production by E. coli O157:H7 may alter attachment behavior in some environments; however, further investigation is required in order to determine the exact relationship between CsgA production and attachment to abiotic surfaces.
Escherichia coli O157:H7 is an important human food-borne pathogen with the ability to cause life-threatening disease and is commonly associated with outbreaks involving undercooked beef or fresh produce (2) . Bacterial contamination of food products may occur through contact of food with contaminated surfaces. The first step in the contamination of a surface is the attachment of cells to the substrate (10) . E. coli O157:H7 has been shown to attach to a variety of substrates, including stainless steel (SS) (16, 18) , glass and Teflon (9) , fresh produce (2), beef muscle and adipose tissue (15) , and cultured intestinal cell lines (19) .
Some studies have found that bacterial surface properties, such as hydrophobicity, autoaggregation, and expression of surface structures, positively influence the ability of bacteria to attach to surfaces (3, 19) . In contrast, other studies have found no such relationship (16, 18) , while further studies have suggested that individual strains may behave in unique manners with respect to how these properties affect their attachment (6, 9) . The contrasting results in the literature may be due to the number of strains and species included. In the study by Boyer et al. (2) , the influence of both curli expression and cell surface hydrophobicity on attachment to lettuce surfaces was investigated. A curli-producing strain of E. coli O157:H7 was found to be significantly more hydrophobic than its non-curli-producing counterpart. While the curli-producing strain was found to attach to lettuce surfaces in significantly higher numbers than the curli-deficient strain, cell surface hydrophobicity was not found to play a role in attachment (2) . Similarly, in the study of Saldaña et al. (19) , the role of curli and cellulose production by E. coli O157:H7 was investigated by constructing csgA and bcsA knockout mutants, respectively. Attachment of curli-and cellulose-deficient E. coli O157:H7 cells to cultured intestinal cell lines was significantly lower than that of the parent strains (19) , suggesting that both curli and cellulose production play roles in attachment of E. coli O157:H7 to cultured intestinal cell lines. The role of curli production in the attachment of E. coli O157:H7 to abiotic surfaces, such as glass, Teflon, and stainless steel, is yet to be investigated using csgA knockout mutants.
Our laboratory has previously characterized curli production by a number of E. coli strains, including O157:H7, at 37°C (9) . The influence of curli production on properties such as cell surface hydrophobicity, autoaggregation, and attachment ability was shown to be strain and medium dependent. A subset of strains showed decreased attachment to Teflon and increased attachment to glass with an increase in curli production. A single strain behaved in the opposite manner, with increased attachment to Teflon and decreased attachment to glass with increased curli production. The aim of the present study was to create curli-deficient strains by constructing csgA knockout mutants in two strains representing each of the attachment trends seen in our previous study (9) . The deletion mutant strains were used to investigate the role of curli production in the same growth media previously used in studying cell surface hydrophobicity, autoaggregation ability, and attachment to glass, Teflon, and SS surfaces for two strains of E. coli O157: H7. It was hypothesized that the deletion of csgA in each of the representative strains would result in different behavior by each of the two strains, based on the findings of our previous study (9) .
MATERIALS AND METHODS
Bacterial strains and culture conditions. Two strains, EC119 and EC1812, were selected for this study based on previous characterization of curli production and correlations with the ability to attach to glass and Teflon surfaces (9): EC119, increased attachment to Teflon and decreased attachment to glass with increased Congo red [CR] binding, and EC1812, decreased attachment to Teflon and increased attachment to glass with increased CR binding. Curli-deficient mutants of strains EC119 and EC1812 were constructed using the Red System described by Datsenko and Wanner (8) . The csgA gene was targeted for mutagenesis with PCR products containing a chloramphenicol antibiotic resistance cassette (cat) amplified from pKD3. Briefly, 60-bp primers were designed with 40 bp of 5Ј homology to the csgA gene and 20 bp of 3Ј homology to the cat gene. PCR products were purified using a commercial kit (Promega) and electroporated into electrocompetent cells of EC119 or EC1812 carrying the pKD46 plasmid (encoding the Red recombinase functions). Replacement of the csgA gene with cat was confirmed using primers flanking the site of the substitution. Curli deficiency was confirmed by negative results in CR binding assays performed as described by Goulter et al. (9) .
Working cultures were prepared monthly from Protect beads (Technical Service Consultants, Lancashire, United Kingdom), stored at Ϫ80°C, and maintained on nutrient agar (NA) (Oxoid, Basingstoke, United Kingdom) plates at 4°C. Isolates were cultured in nutrient broth (NB) (Oxoid), Luria Bertani broth (LB) (Oxoid), NA, or Luria Bertani agar (LBA) (Oxoid), consisting of LB with 1.5% bacteriological agar (Oxoid), at 37°C for 18 Ϯ 2 h for all experiments.
Bacterial cells were harvested by centrifuging 1 ml of broth culture at 13,000 ϫ g or by suspending colonies from agar surfaces in 150 mM phosphate-buffered saline (PBS) ( Attachment assays. Assays of attachment to SS were conducted as described by Rivas et al. (16) , and assays of attachment to glass and Teflon surfaces were as described by Goulter et al. (9) . Briefly, slides of each material were placed into bacterial suspensions prepared as described above, and bacterial attachment was allowed to take place for 20 min with swirling at 5-min intervals. Following attachment, the slides were rinsed twice gently in fresh PBS, removing loosely adhered cells from the surfaces. The slides were stained with 0.01% acridine orange, and the cells in 50 randomly selected fields were counted using an epifluorescence microscope (Leica DFC420 C; Leica Microsystems, Wetzlar, Germany). The results are presented as log CFU/cm 2 . Determination of bacterial hydrophobicity. The hydrophobicity of bacterial strains was determined using bacterial adhesion to hydrocarbons (BATH) and contact angle measurements (CAM) as described by Rivas et al. (17) . Briefly, bacterial suspensions prepared as described above were adjusted in PBS to an optical density at 540 nm (OD 540 ) of 1.0 Ϯ 0.2 for BATH assays. A volume of 4 ml of the suspension was added to 1 ml xylene (Ajax Chemicals, Sydney, Australia) and vortexed for 20 s (Ab, experiment tube). Another tube containing 4 ml of the bacterial suspension was included as a control (Ac, control tube). All tubes were incubated in a 37°C water bath for 30 min. Following incubation, 1 ml of the lower aqueous layer was removed using a pipette, and the OD 540 was measured. The percentage of bacterial cells that bound to the hydrocarbon was calculated as follows: percentage ϭ (Ac Ϫ Ab)/Ac ϫ 100.
Contact angles () were determined using a goniometer (KSV Instruments Ltd., Helsinki, Finland) and KSV CAM software (KSV Instruments Ltd.) using the sessile drop method. Cell suspensions were prepared as described above using sterile distilled water (SDW), and the OD 540 was adjusted to 1.2 Ϯ 0.2. Bacterial lawns were prepared by filtering 25 ml of the suspension onto an HA filter (0.45-m pore diameter, 25-mm filter diameter; Millipore, Bedford, MA) by negative-pressure filtration. Filters were fixed to glass slides using doublesided adhesive tape and allowed to dry for 30 min in a desiccator. A drop of SDW was placed onto the lawn using a 1-ml syringe. An image of the drop was recorded using a digital video camera (30 fps FireWire IEEE 1394), and contact angles were determined using the aforementioned KSV software. A minimum of five drops were recorded per filter, and the reported angles () were determined from the means of three independent filters per sample (7).
Autoaggregation assays. The methods described by Collado et al. (5), with slight modifications, were used to determine autoaggregation ability over 6 h. Briefly, cell suspensions prepared as described above were resuspended to an OD 600 of 0.25 Ϯ 0.05 (Ai) in PBS. The suspensions were incubated in 1-ml aliquots at room temperature. The absorbances of the suspensions at 600 nm were measured after 6 h (Af). The results are presented as aggregation percentages determined as follows: percentage ϭ 100 Ϫ [(Af/Ai) ϫ 100].
AFM force mapping. Silicon nitride (Si 3 Ni 4 ) cantilevers (Budget Sensors, Sofia, Bulgaria) with a cantilever spring constant of 0.06 N/m, as specified by the manufacturer, were modified by incubation in 0.01% (vol/vol) polyethyleneimine (PEI) for 5 h, followed by washing with copious amounts of Milli-Q grade water. Bacterial strains grown in NB as described above were washed and harvested in half-strength PBS and resuspended to a final volume of 200 l. Si 3 Ni 4 cantilevers were then incubated with the cell suspension for 30 min to allow attachment of bacterial cells to the atomic force microscopy (AFM) tip to occur, according to the method of Dague et al. (7) . The presence of immobilized bacteria on the tips was confirmed before and after AFM measurements using scanning electron microscopy.
AFM force mapping was conducted at room temperature using an Asylum AFM (Asylum Research, Santa Barbara, CA) in force-mapping mode. All measurements were taken in half-strength PBS. A matrix of 16 by 16 force-distance curves over a 5-by 5-m 2 area were recorded on glass, Teflon, and stainless steel surfaces. Average adhesion forces and standard deviations were determined from the 256 force curves, and the data were also presented in histogram form as produced using Igor-Pro software (Wavemetrics, Portland, OR).
Statistical analysis. One-way analysis of means, regression plots, and comparisons of means (Tukey's method) were performed on all data sets using Minitab software (MINITAB 15; Minitab Inc.). Linear correlations were determined using Microsoft Excel (Microsoft Corporation). Culture conditions were compared within each isolate pair (the wild type [wt] and its csgA-negative [⌬csgA]::cat counterpart).
RESULTS
Congo red binding. CR binding by the EC119 curli-deficient strain was 0.17 Ϯ 0.29 nmol bound CR in NA, 0.33 Ϯ 0.15 nmol bound CR in NB, 0.27 Ϯ 0.23 nmol bound CR in LBA, and 0.30 Ϯ 0.52 nmol bound CR in LB. In contrast, the EC119 parent strain bound up to 8.00 Ϯ 2.69 nmol CR (as determined previously [9] ). CR binding by the EC1812 curli-deficient strain was 0.57 Ϯ 0.98 nmol bound CR in NA, 0.60 Ϯ 0.30 nmol bound CR in NB, 0.27 Ϯ 0.25 nmol bound CR in LBA, and 0.47 Ϯ 0.40 nmol bound CR in LB. As reported previously (9), the EC1812 parent strain bound up to 11.0 Ϯ 0.46 nmol CR.
Hydrophobicity. The results for the hydrophobicity determination assays depended on the method used, and no correlation between methods was evident (Table 1) . Curli-deficient strains were less hydrophobic than parent strains when cultured in NB and NA when hydrophobicity was measured using CAM (P Ͻ 0.05). No significant difference between wt and ⌬csgA pairs was seen when isolates were cultured in LB or LBA using CAM (P Ͼ 0.05). When the BATH method was used, curli-deficient strains were shown to be significantly more hydrophobic than wt strains when cultured on agar (P Ͻ 0.05). Parent strains were significantly more hydrophobic than curlideficient strains when cultured in NB (P Ͻ 0.05), whereas no significant difference between wt and ⌬csgA pairs was seen following growth in LB (P Ͼ 0.05).
Autoaggregation.
Autoaggregation was evident for all strains over the 6-h time period (Table 1 ). In the case of EC1812, LB and LBA curli-deficient strains were shown to have significantly lower autoaggregation ability than wt strains (P Ͻ 0.05). The remaining wt and curli-deficient pairs showed no significant difference in autoaggregation ability (P Ͼ 0.05).
Attachment. All strains were shown to attach to glass, Teflon, and SS surfaces (Table 1 ). Attachment to glass surfaces was lower for curli-deficient strains than for wt strains following growth in some media. EC119 ⌬csgA::cat attached in significantly lower numbers to glass than EC119 following growth in NB, NA, and LBA (P Ͻ 0.05), but not when cultured in LB (P Ͼ 0.05). Significantly lower attachment to glass was apparent for EC1812 ⌬csgA::cat than for EC1812 when cultured in LB and LBA (P Ͻ 0.05); however, no significant difference was seen following growth in NB and NA (P Ͼ 0.05). Similarly, attachment to Teflon was reduced for curli-deficient strains compared with their wt counterparts under some growth conditions. EC119 ⌬csgA::cat attached in significantly lower numbers to Teflon than EC119 following growth on NA (P Ͻ 0.05). EC1812 ⌬csgA::cat attached in significantly lower numbers to Teflon than EC1812 following growth in NB and NA (P Ͻ 0.05). In contrast, increased attachment of curli-deficient strains to SS compared with wt strains was observed following growth in NB and NA for both pairs (P Ͻ 0.05). However, no significant difference in attachment to SS was seen for either pair when cultured in LB and LBA (P Ͼ 0.05).
AFM force mapping. Histograms generated from force-mapping data can be seen in Fig. 1 to 3 , and they show the frequency of measurement of a particular force value. The mean adhesion forces and standard deviations of 256 force curves are shown in Table 2 . Due to high standard deviations, the mean adhesion forces were not significantly different for the majority of strain pairs studied. EC1812 and EC1812 ⌬csgA::cat adhesion forces to Teflon was the only pair to show a significant difference (P Ͻ 0.05).
DISCUSSION
The present study investigated the roles of curli production in cell surface hydrophobicity, autoaggregation, and attachment for two strains of E. coli O157:H7 through the construction of csgA knockout mutants. Our previous study (9) demonstrated that the level of curli production, as determined by CR binding, varied in a growth medium-dependent fashion and also varied between strains. Due to the variation between strains in different media in our previous study (9) , it was expected that the loss of csgA in the current study would also influence attachment behavior in a contrasting fashion and lead to some insights into these differences. The loss of CsgA altered cell surface hydrophobicity under a number of growth (Table 1) . However, this varied depending on the strain, the growth conditions, and the method used to determine hydrophobicity. Previous studies have also shown no correlation between the methods used to determine hydrophobicity (9, 17) , making it difficult to determine their role in attachment (10) . It is recognized that the surface properties of bacteria, including hydrophobicity, change in response to their surrounding environment. As the methods used to determine hydrophobicity, such as BATH and CAM, measure different aspects of the cell surface (10), changes in media that result in changes in surface properties other than hydrophobicity are likely to affect the measurements, contributing to the lack of correlation between methods (10, 12) . Correlations between methods and the role of hydrophobicity in attachment are often seen only when the organisms studied show large differences in hydrophobicity or hydrophilicity (20) . As the CAM method measures a direct interaction between bacterial cells and water, it may be considered the most appropriate method to determine hydrophobicity in future studies. In the present study, no correlation was seen between hydrophobicity as determined by the BATH or CAM method and attachment (R 2 Ͻ 0.70). The lack of correlation may be explained by the use of different growth media, which may result in a change in multiple surface properties, including, but not limited to, surface hydrophobicity.
Studies have shown that an increase in autoaggregation in some bacterial species can lead to an increased ability to attach to surfaces (3) . Strain EC1812 showed significantly lower autoaggregation ability with the loss of CsgA following growth in LB and LBA (P Ͻ 0.05), but not following growth in NB or NA (P Ͼ 0.05). Autoaggregation of EC119 was not significantly affected by the loss of CsgA under any of the growth conditions studied (P Ͼ 0.05). No correlation between autoaggregation ability and attachment numbers was seen. These results suggest that CsgA production by E. coli O157:H7 may play a role in autoaggregation for some strains in a strain-and mediumdependent manner, but in this study, no relationship with attachment was observed. In the study by Tree et al. (21) , an increase in E. coli aggregation was correlated with an increase in curli production. In another study by Beloin et al. (1) , the influence of curli production by E. coli K-12 on autoaggregation was studied using both a curli-deficient strain and a strain that overexpressed the surface appendage. Increased aggregation by the curli-producing strain compared with the curlideficient strain was evident following a 10-min lag phase (1). This may suggest that in order to see the effects of curli production on autoaggregation, the strains studied must include curli-deficient strains and isolates capable of curli expression at greater than natural levels.
In the same study, Beloin et al.
(1) investigated the kinetics of adhesion to colloid particles of the curli-deficient strain compared with the curli-overproducing strain of E. coli K-12. The curli-overproducing strain was shown to attach to particles in numbers more than a hundred times greater than those of the curli-deficient strain following a 20-min incubation period (1) . In the present study, strains lacking the ability to produce curli did not differ in their abilities to attach to glass and Teflon surfaces in the majority of cases. In some instances, however, the curli-deficient strains attached in significantly lower num- bers to these surfaces, demonstrating that curli production may influence attachment in a strain-and medium-dependent fashion. These results suggest curli production for E. coli O157:H7 may enhance attachment to Teflon and glass surfaces for some strains under some growth conditions. However, in the majority of cases observed in this study, curli-deficient strains attached to all surfaces in numbers not significantly different from those of wt strains. Similarly, in a study by Jain and Chen (11), attachment and biofilm formation on glass and polystyrene surfaces by curli-producing Salmonella strains was shown to be more efficient than those of non-curli-producing strains. In the present study, when hydrophobicity was determined using CAM, the majority of csgA-negative strains were found to be more hydrophilic and could be expected to attach in higher numbers to the hydrophilic glass surface, as suggested by the literature (14) . This was not the case, however, indicating that forces other than hydrophobic interactions may be involved in the attachment of E. coli O157:H7 to glass surfaces. In the study by Cookson et al. (6) , curli-producing strains of non-O157 E. coli were shown to attach in higher numbers to glass surfaces than their non-curli-producing counterparts. However, in this case, the hydrophobicity of the curli-producing strains could not be determined, and correlations between hydrophobicity and attachment could not be made (6) . Further characterization of physicochemical properties, such as the surface charges of the parent and csgA-negative strains included in this study, are required in order to fully understand the mechanism of attachment of these strains to glass surfaces. In the case of attachment to the hydrophobic Teflon surface, stronger hydrophobic interactions due to the increased hydrophobicity of the wt strains, as determined by CAM, may explain the trend toward increased attachment of these strains compared to csgA-negative strains. However, in a number of cases, the hydrophobicity of curli-deficient strains did not differ from that of parent strains, and similarly, in some cases where hydrophobicity differed, attachment to the Teflon surface did not differ. These results highlight the complexity of both the hydrophobic properties of bacterial cells and their attachment mechanisms. Curli production has also been shown to influence attachment to biotic surfaces in a number of studies (2, 19) . E. coli strains incapable of producing curli have also demonstrated decreased attachment to lettuce (2) and cultured cell lines (19) , demonstrating that curli production may increase attachment to a variety of substrates with various surface properties.
The numbers of curli-deficient strains attaching to SS when cultured in NB and NA were significantly higher than those of parent strains (P Ͻ 0.05), and a lack of significant difference (P Ͼ 0.05) was seen only when the parent strain attached in high numbers. These results highlight the complex mechanism of attachment for E. coli O157:H7 and show that curli expression, growth conditions, and substrate properties are important for the attachment process. Similarly, in the study by Ryu et al. (18) curli-deficient strains of E. coli O157:H7 tended to attach in higher numbers to SS pieces over a 24-h period at 4°C than curli-producing strains, although this trend was not found to be significant. However, only curli-producing strains were able to form biofilms, a process that is related to attachment. Together with the results of the current study, this indicates that the inhibition of E. coli O157:H7 attachment to stainless steel through the production of curli may be independent of contact time and temperature.
AFM force mapping showed that adhesion forces to glass were quite low, with values in the range of 0.054 to 0.122 nN. Adhesion forces to SS pieces were also relatively low, in the range of 0.056 to 0.471 nN. These two surfaces have been reported to be hydrophilic (4, 16) . Adhesion forces to the hydrophobic Teflon surface (4), however, were as high as 2.810 nN, demonstrating that adhesion force, as measured using E. coli cell probes, increases with an increase in substrate hydrophobicity. Differences between wt and curli-deficient strains were not always evident due to high standard deviations. The high standard deviations may be the result of coating of the probe with a lawn of bacterial cells, offering many points of contact with the materials used in this study. High standard deviations using probes made in this way have been demonstrated elsewhere (7) . In the study by Liu et al. (13) , E. coli single-cell probes were used to determine the adhesion forces between fimbriated E. coli or fimbria-deficient E. coli and uroepithelial cells. The results indicated that cells able to produce fimbriae adhered more strongly to uroepithelial cells (9.32 Ϯ 2.37 nN) than fimbria-deficient cells (0.74 Ϯ 0.18 nN). The lower standard deviations in the study of Liu et al. (13) may be due to the variation in both strain and substrate compared with the present study or the use of single-cell probes compared with using probes coated with a lawn of cells. In order to reduce variability, the construction of single-cell probes (13) , rather than fully coated probes, should be pursued in future studies.
Conclusions. In the current study, attachment of E. coli O157:H7 to glass, Teflon, and SS surfaces, as influenced by csgA expression, was unpredictable. The data were found to be variable and dependent on the strain, growth conditions, and surfaces. These results suggest that curli production may be important in the process of attachment of E. coli O157:H7 to abiotic materials in some environments. Importantly, the conditions under which growth occurs and the properties of the material itself should also be taken into account when considering the attachment behavior of this organism.
